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ABSTRACT
We present the chemodynamic structure of the solar neighbourhood using 62 814 stars
within a 500 pc sphere of the Sun observed by GALAH and with astrometric param-
eters from Gaia DR2. We measure the velocity dispersion for all three components
(vertical, radial, and tangential) and find that it varies smoothly with [Fe/H] and
[α/Fe] for each component. The vertical component is especially clean, with σvz in-
creasing from a low of 8 km s−1 at solar-[α/Fe] and [Fe/H] to a high of more than 50
km s−1 for more metal-poor and [α/Fe] enhanced populations. We find no evidence
of a dramatic decrease in the velocity dispersion of the highest-[α/Fe] populations as
claimed in surveys prior to Gaia DR2, although the trend of increasing velocity disper-
sion with [α/Fe] for the same metallicity does significantly flatten at high-[α/Fe]. The
eccentricity distribution for local stars varies most strongly as a function of [α/Fe],
where stars with [α/Fe] < 0.1 dex having generally circular orbits (e < 0.15), while
the median eccentricity increases rapidly for more [α/Fe] enhanced stellar populations
up to e ∼ 0.35. These [α/Fe] enhanced populations have guiding radii consistent with
origins in the inner Galaxy. Of the stars with metallicities much higher than the local
ISM ([Fe/H]>0.1 dex), we find that more than 70% have e < 0.2 and are likely ob-
served in the solar neighbourhood through churning/migration rather than blurring
effects, as the epicyclic motion for these stars is not large enough to reach the radii at
which they were likely born based on their metallicity.
Key words: Galaxy: abundances – Galaxy: structure – Galaxy: stellar content –
Galaxy: kinematics and dynamics
1 INTRODUCTION
Galactic Archaeology is the study of the structure and his-
tory of the Milky Way with the aim of understanding galaxy
evolution using the fully resolved stellar inventory, from the
? E-mail: michael.hayden@sydney.edu.au)
long-lived, low mass dwarfs to the most massive, hot young
stars. The Milky Way provides a unique test bed for many
theories of galaxy evolution due to the ability to resolve in-
dividual stars and stellar populations, which is generally not
possible in external galaxies. Stars contain the chemical fin-
gerprint of the gas from which they formed, and can be used
as fossil records to look back in time and see how the ISM
© 2019 The Authors
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of the Galaxy has evolved. Despite this, there is much de-
bate about the different structural properties of the Galaxy
as a whole (e.g., Rix & Bovy 2013; Bland-Hawthorn & Ger-
hard 2016). The primary cause of that debate are the poor
observational constraints on the various models, which is a
problem even for the Solar neighbourhood.
The chemodynamic structure of the solar neighbour-
hood is a complex mesh of many different stellar populations
that have been built up over the history of the Milky Way.
The stars that are found close to the Sun today span a huge
range in age and come from a variety of birth radii. This
is most easily demonstrated by the large number of super-
solar metallicity ([Fe/H]> 0.1 dex) stars observed in the solar
neighbourhood and lack of an overall age-metallicity rela-
tionship (e.g., Casagrande et al. 2011; Haywood et al. 2013;
Bergemann et al. 2014; Kordopatis et al. 2015; Buder et al.
2018b; Hayden et al. 2018). Stars with [Fe/H]> 0.1 dex are
too metal-rich to have formed in the solar neighbourhood
as the local ISM metallicity today is well established from
the B star population at slightly subsolar values (Nieva &
Przybilla 2012). The likely origin of these stars is the in-
ner Galaxy, as there are strong radial metallicity gradients
in the disk where the median metallicity of stars in the in-
ner Galaxy is much higher than in the solar neighbourhood
(e.g., Luck & Lambert 2011; Lemasle et al. 2013; Anders
et al. 2014; Hayden et al. 2014).
The local ISM appears to be fairly well mixed, with
young population tracers such as B stars and Cepheids show-
ing only small scale variation over a large range in azimuth
(Luck et al. 2011; Nieva & Przybilla 2012, but see also Balser
et al. 2011, 2015 that do find variations in HII regions with
azimuth). How super-solar metallicity stars reach the solar
neighbourhood is an open question. Radial mixing processes
have been proposed to explain the chemodynamic properties
of the Galaxy (e.g., Sellwood & Binney 2002; Scho¨nrich &
Binney 2009; Minchev & Famaey 2010), which are differen-
tiated by the effect on the angular momentum of the orbits.
In blurring, stellar orbits become heated with time and have
large epicyclic motions over their orbit, but the angular mo-
mentum remains conserved. In churning (migration), there
is a change in angular momentum of an orbit due to in-
teractions associated with non-axisymmetric structure (i.e.,
spiral arms or the bar). Changing the angular momentum
of an orbit causes a change in guiding radius, and if the in-
teraction is due to a corotation resonance, other parameters
such as eccentricity are preserved. Stars are equally likely
to migrate in or out. If spiral arms are transient, the net
effect is to move stars to larger radii due to the exponential
density law of the stellar disk.
The velocity dispersions of stellar populations in the so-
lar neighbourhood contain potential hints of a major merger
early on in the history of the Galaxy (Minchev et al. 2014).
The velocity dispersion is generally observed to increase with
age, as older populations get heated with time or were po-
tentially born in a kinematically hotter environment than
the present star forming disk, which has a scale height of
< 100 pc (Bland-Hawthorn & Gerhard 2016). However, ob-
servations using data from RAVE have shown a downturn in
the velocity dispersion for the highest-[α/Fe] (i.e., likely the
oldest) stellar populations across a range of metallicities in
the solar neighbourhood (Minchev et al. 2014). This same
signature was observed in the simulations of Minchev et al.
(2013), who found that a major merger at z ∼ 2 drove en-
hanced radial migration of stellar populations to the solar
neighbourhood. Migration can cool the disk as stars that mi-
grate often have cooler kinematics than stars of the same age
that are born locally (e.g., Minchev et al. 2012; Vera-Ciro
et al. 2014). This result was less obvious in observations
from the Gaia-ESO survey (Guiglion et al. 2015; Hayden
et al. 2018), which showed a shallower turnover in the ve-
locity dispersion for higher-[α/Fe] populations compared to
the RAVE results.
Our present understanding of the Milky Way is in
the midst of a revolution. With the advent of large-scale
spectroscopic surveys such as SEGUE (Yanny et al. 2009),
RAVE (Steinmetz et al. 2006), LAMOST (Deng et al. 2012),
APOGEE (Majewski et al. 2017), GALAH (De Silva et al.
2015), and future surveys such as 4MOST (de Jong et al.
2014) and WEAVE (Dalton et al. 2014), spectroscopic ob-
servations will be available for millions of stars in all Galactic
components. Combined with the addition of precise astro-
metric information from the Gaia satellite (Perryman et al.
2001), we will have the ability to determine the precise kine-
matic, dynamic, and temporal structure of stellar popula-
tions throughout the Galaxy. Gaia alone has found an in-
credible amount of substructure in velocity and action space
in the solar neighbourhood (e.g., Antoja et al. 2018; Trick
et al. 2018). The precise kinematic properties estimated by
Gaia used in conjunction with detailed chemistry estimates
from the large spectroscopic surveys mentioned above pro-
vide the best picture to date of the structure and evolution
of the Milky Way.
For this paper, we use observations of tens of thou-
sands of stars found within 500 pc of the solar position from
GALAH DR2 (Buder et al. 2018a) and astrometric infor-
mation from Gaia DR2 (Gaia Collaboration et al. 2018) to
unravel the structure of the local disk. GALAH is a high
resolution (R ∼ 28000) spectroscopic survey of nearly one
million stars throughout the Milky Way, which provides pre-
cise atmospheric parameters and abundances for dozens of
elements. Used in conjunction with proper motions and par-
allax measurements from Gaia DR2, we are able estimate
orbital properties for the entire GALAH solar neighbour-
hood sample to map out the chemodynamic structure of the
local disk. This paper is organised as follows: in Section 2 we
discuss the data used in our analysis, in Section 3 we present
our results on the velocity dispersion and orbital properties
as a function of chemistry for stars near the Solar position,
and in Section 4 we discuss our findings in the context of the
chemodynamic structure of the solar neighbourhood, before
drawing our conclusions in Section 5.
MNRAS 000, 1–11 (2019)
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Table 1. Data cuts used on the GALAH DR2 Gaia DR2 sample.
Flag Value
cannon flag 1 0
abundance flag1 < 3
SNR > 20
σTeff < 200 K
[Fe/H] −1.0 < [Fe/H] < 0.5 dex
ds < 500 pc
2 DATA
Spectroscopic data are taken from the internal GALAH
DR2 release, which contains the public DR2 (Buder et al.
2018a), and also additional fields for K2 (Wittenmyer et al.
2018) and TESS (Sharma et al. 2018) follow-up that con-
tain large numbers of stars in the solar neighbourhood.
GALAH uses the High Efficiency and Resolution Multi-
Element Spectrograph (HERMES, Sheinis et al. 2015) in-
strument, which is a high resolution (R ∼ 28000) multi-
fibre spectrograph mounted on the 3.9 meter Anglo Aus-
tralian Telescope (AAT). HERMES covers four wavelength
ranges (4713 − 4903A˚, 5648 − 5873A˚, 6478 − 6737A˚, and
7585 − 7887A˚), carefully selected to maximise the number
of elemental abundances that are able to be measured. Ob-
servations are reduced through a standardised pipeline de-
veloped for the GALAH survey as described in Kos et al.
(2017). Stellar atmospheric parameters and individual abun-
dances are derived using a combination of SME (Valenti &
Piskunov 1996; Piskunov & Valenti 2017), to develop a large
training set covering parameter space, which is then fed into
the Cannon (Ness et al. 2015) to obtain estimates for the en-
tire sample. The precision of individual abundances [X/Fe]
is typically ∼ 0.05 dex, while the random errors in radial
velocities are ∼ 100 m s−1 (Zwitter et al. 2018). For [α/Fe] ,
we use an average of the Ti, Mg, and Al abundances from
GALAH DR2. Data quality cuts are listed in Table 1.As we
are interested primarily in the chemodynamics of the disk,
we restrict our sample to −1.0 < [Fe/H] < 0.5 dex in an at-
tempt to minimise the impact of the halo in our analysis, in
particular estimates of the velocity dispersion.
Astrometric parameters are taken from Gaia DR2 (Gaia
Collaboration et al. 2018), which have random errors on the
order of a few % for the local sample used in this paper. We
restrict our sample to stars within 500 pc, with the aim of
studying the stellar populations of the local volume. This
sample contains 62 814 stars which span a range of stel-
lar parameters and metallicities, as shown in Fig. 1. The
local volume is dominated by dwarf stars. An interesting
feature of the metallicity distribution function (MDF), here
measured using the iron abundance relative to solar values
[Fe/H] (Asplund et al. 2009), is that 45% of stars in the sam-
ple are solar metallicity or above, and 25% have metallicities
> 0.1 dex. The distribution of stars in the [α/Fe] vs. [Fe/H]
plane, showing the clear separation between the chemical
thick and thin disks at lower metallicities, is shown in Fig.
2. The grey lines denote the different metallicity and [α/Fe]
1 a description of the data flag bitmasks can be found here:
https://datacentral.org.au/docs/pages/galah/table-schema/dr2-
table-schema/
bins used in our analysis. With the exception of the lowest
[α/Fe] bin, the sample is divided in [α/Fe] at fixed incre-
ments of 0.08 dex and the zero-points chosen such that the
overlap between the chemical thick and thin disks is min-
imised. The lowest-[α/Fe] bin has a width of 0.12 dex. The
metallicity bins are spaced by 0.2 dex, with the exception of
the most metal-rich and metal-poor bins.
2.1 Distances and Orbits
The distances to stars are derived using the estimated par-
allax from Gaia DR2 and a Bayesian technique similar to
that outlined in Bailer-Jones (2015). We assume a simple
prior with a single exponential disk that has a scale height
of 300 pc and a scale length of 2.7 kpc, which is used to
generate a probability distribution (PDF) in distance space.
The distance is characterised by the mode of the PDF, while
the errors in distance are estimated using the 16th and 84th
percentiles of the PDF. As the sample is restricted to stars
within 500 pc of the Sun, the parallax accuracy is high
(< 10% error).
Kinematic and orbital properties for each star are de-
rived with Galpy (Bovy 2015) using the Sta¨ckel analytic ap-
proximations outlined in Mackereth & Bovy (2018) and the
default “MWHaloPotential2014”, rescaled such that R =
8.2 kpc and the local circular velocity is 238 km s−1 (Bland-
Hawthorn & Gerhard 2016). The solar motion relative to
the local standard of rest (LSR) of (11.65, 12.24, 7.25)
(U,V,W) is used (Scho¨nrich et al. 2010). 1 000 MC runs
of each orbit are performed using the errors in distance, ra-
dial velocity, and proper motion to estimate the uncertain-
ties in each orbital parameter. Typical uncertainties in the
individual velocity components are < 1 km s−1 , as shown
in Fig. 3. It is important to stress that this is more than
an order of magnitude improvement in the velocity determi-
nation compared to previous studies analysing the velocity
distributions of the solar neighbourhood (e.g., Minchev et al.
2014; Guiglion et al. 2015; Hayden et al. 2018). This is due
to a combination of precise radial velocities from GALAH
DR2, which have an accuracy of 0.1 − 0.2 km s−1 (Zwitter
et al. 2018), and the dramatic improvement in proper mo-
tions and parallaxes from Gaia DR2. Velocity dispersions
are measured using the equations outlined below for each
[α/Fe] and [Fe/H] bin, which take into account the errors in
individual velocity measurements when computing the dis-
persion:
L(µ, σi) =
N∏
i=1
1√
2pi(σ2
i
+ ev2
i
)
exp
(
−1
2
(vi − µ)2
2(σ2
i
+ ev2
i
)
)
where σi is the velocity dispersion, µ is the average velocity,
vi is the velocity of a given star and evi is the error in the
velocity. We minimise the log-likelihood Λ ≡ 2 ln L by solving
where the partial derivatives of Λ are zero, i.e. ∂Λ∂µ and
∂Λ
∂σi
,
which gives:
N∑
i=1
vi
(σ2
i
+ ev2
i
) − µ
N∑
i=1
1
σ2
i
+ ev2
i
= 0
N∑
i=1
(σ2i + ev2i )2 − (vi − µ)2
(σ2
i
+ ev2
i
)2 = 0
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Figure 1. Left: The H-R diagram for our sample of 62 814 GALAH stars within 500pc of the solar position. Right: The metallicity
distribution function of the sample. Note the large fraction of super-solar metallicities stars despite the local ISM being ∼solar metallicity.
Figure 2. The [α/Fe] vs. [Fe/H] plane for the GALAH sample
within 500 pc of the solar position. Grey lines denote the bins in
metallicity and [α/Fe] used later in this paper.
see also Godwin & Lynden-Bell (1987); Pryor & Meylan
(1993). As the velocity dispersion is sensitive to extreme out-
liers, we remove stars more than three standard deviations
away from the median in any given bin. Errors in the veloc-
ity dispersion are estimated using 10 000 bootstrap runs of
the sample in each given bin.
3 RESULTS
The velocity dispersion is measured in bins of [α/Fe] and
[Fe/H] (see Fig. 2) for all three components, as shown in
Fig. 4. There is a minimum of 20 stars per bin. We find
that the vertical velocity dispersion (left panel) increases
smoothly with both [Fe/H] and [α/Fe], in fact only for the
most metal-rich stellar populations does one metallicity bin
intersect another for the same [α/Fe]! For stellar populations
with the same [Fe/H], the velocity dispersion increases as
[α/Fe] increases. For populations with the same [α/Fe], the
Figure 3. The distribution of errors in the vertical velocity com-
ponent. Errors in the radial and tangential components are com-
parable to those in the vertical component. Velocities are deter-
mined with proper motions from Gaia DR2 and radial velocities
from GALAH DR2, while errors are estimated via 1 000 Monte
Carlo runs from the input parameters and their uncertainties.
The errors in this sample for the individual velocity components
are an order of magnitude improvement over previous studies.
velocity dispersion increases as [Fe/H] decreases. The overall
range of the vertical velocity dispersion varies from 10 km
s−1 for the more metal-rich and sub-solar [α/Fe] abundances,
to ∼ 50 km s−1 for the most metal-poor [α/Fe]-enhanced
populations. The radial (middle panel) and tangential (right
panel) velocity components follow the same trend, although
with more intersection between stellar populations. The ve-
locity dispersion is largest in the radial direction, increasing
from ∼ 25 km s−1 to ∼ 70 km s−1 as [α/Fe] increases and
[Fe/H] decreases. The tangential velocity dispersion is gen-
erally smallest, with Vφ < 20 km s−1 for all but the most
metal-poor stars with [α/Fe] < 0.1 dex. In all components,
MNRAS 000, 1–11 (2019)
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Figure 4. Top: The velocity dispersion as a function of [α/Fe] and [Fe/H] for the GALAH solar neighbourhood sample. One-σ errors
are shown by the shaded lines. There is a minimum of 20 stars per bin. Bottom: Similar to above, but visualised in the [α/Fe] vs.
[Fe/H] plane. There is a minimum of 10 stars per bin. The velocity dispersion varies smoothly with [α/Fe] and [Fe/H], increasing with
increasing [α/Fe] or decreasing [Fe/H].
we see a gradual flattening of the increase in velocity dis-
persion with increasing [α/Fe] for the highest-[α/Fe] stel-
lar populations. However, we find no evidence of dramatic
decrease in velocity dispersion for these high-[α/Fe] stellar
populations.
The ratio of the vertical and rotational velocity dis-
persions to the radial velocity dispersion can give insight
into the various heating mechanisms that affect the differ-
ent stellar populations of the disk. The ratio of σvz /σvR
and σvφ /σvR is shown in Fig. 5 as a function of [Fe/H] and
[α/Fe]. σvz /σvR strongly varies for different stellar popu-
lations. The lowest-[α/Fe] populations (chemical thin disk)
have a ratio of ∼ 0.4, which gradually increases as [α/Fe]
increases, to ∼ 0.7 for the higher-[α/Fe] populations (chem-
ical thick disk), and even reaches 0.8 for the most metal-
poor stars. There is a slight metallicity dependence, with
the more metal-poor populations in general having a higher
ratio of σvz /σvR , with the exception of the most metal-rich
bin ([Fe/H]> 0.35). However, this variation is less smooth
than the trends identified in the individual velocity compo-
nents themselves and certainly of much lower importance
than the trend of increasing σvz /σvR with [α/Fe]. In con-
trast, the σvφ /σvR ratio shows no trend with metallicity or
[α/Fe], and is roughly constant within the errors for all stel-
lar populations at ∼ 0.6.
The distribution of rotational velocities as a function of
chemistry shows several interesting trends, as shown in Fig.
6. For stars below [α/Fe] of ∼ 0.1− 0.2 dex, metal-poor stars
have larger rotational velocities than metal-rich stars with
the same [α/Fe] abundance. However, the difference in rota-
tional velocity between the difference stellar populations is
not large, 25 km s−1 for stars between −0.65 < [Fe/H] < 0.5.
However, these trends are reversed for higher-[α/Fe] pop-
ulations. For [α/Fe] & 0.2, the more metal-rich stars have
MNRAS 000, 1–11 (2019)
6 M. R. Hayden et al.
Figure 5. Top: The ratio of the vertical velocity and rotational velocity dispersions compared to the radial velocity dispersion as a
function of [α/Fe] and color coded by [Fe/H]. There is a minimum of 20 stars per bin. Bottom: Similar to above, but in the [α/Fe]
vs. [Fe/H] plane, color coded by the velocity dispersion ratio. There is a minimum of 10 stars per bin. Note that the ratio of rotational
velocity dispersion to radial velocity dispersion is roughly constant, so there is little structure in the bottom right panel.
higher rotational velocities than the metal-poor stars with
the same [α/Fe]. The rotational velocities for these stars are
also much lower at higher-[α/Fe] than for lower-[α/Fe] stars
at the same metallicity. The velocity difference between low-
[α/Fe] and high-[α/Fe] populations is much greater than the
velocity difference of different metallicity populations at the
same [α/Fe].
The origin of the stellar populations observed in the so-
lar neighbourhood is a particularly interesting question. The
orbital properties of stars can be used to try to disentangle
the dynamical mechanisms responsible for causing stars of
a range of birth radii to be observed in the solar neighbour-
hood. The eccentricity distribution as a function of [α/Fe]
and [Fe/H] as shown in Fig. 7. For low-[α/Fe] populations
([α/Fe] < 0.1 dex), the median eccentricity is relatively in-
variant with metallicity, with perhaps a slight increase of
median eccentricity of 0.1 at the lowest-[α/Fe] abundances
to ∼ 0.15 at intermediate [α/Fe]. However, after this point
the median eccentricities begin to increase with [α/Fe] for
all populations, but the increase is steepest for the more
metal-poor stars, up to a maximum of ∼ 0.35 for the more
metal-poor high-[α/Fe] populations. These stars are on fairly
elliptical orbits with large variation in radius due to epicyclic
motion, and spend most of their time outside of the solar
neighbourhood.
The origin of stars with significantly higher metallicity
than the local ISM in the solar neighbourhood is of partic-
ular interest. Because of their metallicities, these stars are
likely to have a Galactic origin from the inner disk. As shown
in the right panel of Fig. 8, these stars have what appears to
be a bimodal distribution in eccentricity, with the dominant
peak at low eccentricity (∼ 0.1) and a second population with
eccentricities centred about e ∼ 0.2. More than 70% of these
stars have eccentricities less than 0.2. More than half (55%)
are on very circular orbits with e < 0.15, and have relatively
small epicyclic motions. For stars with [Fe/H]> 0.3, the ratio
drops slightly to 62% with e < 0.2 and 46% with e < 0.15.
The overall fraction has decreased, but still a majority are
on relatively circular orbits.
The required eccentricity for a star of a given metallic-
MNRAS 000, 1–11 (2019)
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Figure 6. Top: The median rotational velocity a function of
[α/Fe] and [Fe/H] for the GALAH solar neighbourhood sample.
There is a minimum of 20 stars per bin. Bottom: The median
rotational velocity in the [α/Fe] vs. [Fe/H] plane. There is a min-
imum of 10 stars per bin.
ity to reach the solar neighbourhood via blurring can also
be estimated in a Keplerian potential using several crude
assumptions. Assuming a metallicity gradient of -0.07 dex
kpc−1 (e.g.,Luck et al. 2011; Anders et al. 2014, 2017; Duong
et al. 2018) we can get a rough estimate of the birth radius
of a star given its observed metallicity and assuming the lo-
cal ISM (R=8.2 kpc) is currently solar. This, combined with
an assumption that the apogalacticon of the star’s orbit is
its present day location in the solar neighbourhood, allows
us to estimate the eccentricity required to reach the solar
neighbourhood as shown below:
e(Fe/H) = Ra
Rg([Fe/H]) − 1
Here Ra is the apogalacticon of the orbit and assumed
to be its present day R, and Rg is the guiding radius, as-
sumed to be its birth radius derived from it’s metallicity. As
all of the stars in our sample are within 500 pc of the Sun
Figure 7. Top: The median eccentricity as a function of [α/Fe]
and [Fe/H], with a minimum of 20 stars per bin. Bottom: Similar
to above, but in the [α/Fe] vs. [Fe/H] plane. There is a minimum
of 10 stars per bin. Eccentricity increases with alpha, and for the
high-[α/Fe] populations metal-rich stars have lower eccentricities
than metal-poor stars with the same [α/Fe] on average.
and given our previous assumptions, the Ra of stars in our
sample lie between 7.7 kpc and 8.7 kpc, while the guiding
radius can be as small as one kpc for a star of [Fe/H]= 0.5.
This relation is shown as the dashed line in the right panel of
Fig. 8, along with the eccentricity distribution as a function
of [Fe/H] for our observed metal-rich sample. Stars lying to
the left/above the line are able to reach the solar neighbour-
hood through blurring, while the presence of stars to the
right/below the line cannot be explained by blurring alone
given their measured [Fe/H] and e. More than 80% of the
metal-rich sample lie below the line. This finding has impor-
tant implications for the roles migration and blurring play
on Galactic evolution.
MNRAS 000, 1–11 (2019)
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Figure 8. Left: The distribution of orbital eccentricities for metal-rich ([Fe/H]>0.1 dex) stellar populations. Right: The eccentricity
as a function of [Fe/H] for metal-rich stars, color-coded by the guiding radius of the orbit RG. The dashed line denotes the minimum
required eccentricity for a star to be observed in the solar neighbourhood given it’s metallicity and a radial gradient of -0.07 dex kpc−1.
Stars lying to the right/below the line require migration in order to be observed in the solar neighbourhood.
4 DISCUSSION
The smooth variation of velocity dispersion as a function of
chemistry is a surprising result, given the incredible amount
of substructure in velocity space found locally (e.g., Antoja
et al. 2018; Quillen et al. 2018; Trick et al. 2018; Hunt et al.
2018; Bland-Hawthorn et al. 2018). In particular, for the ver-
tical velocity dispersion, no metallicity bin (aside from the
most metal-rich stellar populations) crosses another metal-
licity bin in velocity dispersion as a function of [α/Fe]. This
likely implies that the stars belonging to each particular sub-
structure in velocity space has a similar Galactic origin, as
the velocity dispersion would likely show larger variations
with chemistry if the various velocity substructures had a
variety of different Galactic origins. The smooth variation
of velocity dispersion with chemistry is similar to that ob-
served using SEGUE observations (Bovy et al. 2012), with
the velocity dispersion and scale-heights for different mono-
abundance populations varying gradually with chemistry, or
to that found with HARPS data which show the velocity
dispersion smoothly varying with age (Haywood et al. 2013;
Hayden et al. 2017).
There has been evidence from previous spectroscopic
studies that the signature of a major merger is visible in
the velocity dispersion of local disk stars. Minchev et al.
(2014) found this as a sharp decrease in the velocity disper-
sion for the highest-[α/Fe] populations using RAVE data.
This signal was also observed in simulations from Minchev
et al. (2013), which found that the dip in velocity disper-
sion for the highest-[α/Fe] components corresponds to en-
hanced migration driven by the last major merger present
in the simulation. This result was less obvious in higher-
resolution spectroscopic studies (Guiglion et al. 2015; Hay-
den et al. 2018), although potentially still present within the
uncertainties. However, with the advent of Gaia and high-
precision chemistry and radial velocity measurements from
GALAH, the uncertainties in both chemistry and kinematics
are significantly reduced, with the velocity precision in par-
ticular an order of magnitude better compared to previous
studies. With this higher precision data, we find no evidence
of a significant decrease in velocity dispersion for the highest-
[α/Fe] stellar populations. There appears to be a flattening
in slope of the change in velocity dispersion with [α/Fe] at
high-[α/Fe] , but not the dramatic decrease as found in the
RAVE observations. The signal found in RAVE is likely the
result of large uncertainties in [α/Fe] , [Fe/H], and in par-
ticular the available proper motions. This does not rule out
that major mergers have had an impact on the evolutionary
history of the Milky Way, merely that the signal observed
in previous spectroscopic studies is unable to be reproduced
with higher quality observations.
The ratio of the vertical velocity dispersion to the radial
velocity dispersion provides insight into different disk heat-
ing processes. Arguments of vertical heating via giant molec-
ular cloud scattering predict a ratio of σvz /σvR = 0.62 (Ida
et al. 1993; Sellwood 2008; Sellwood 2014). This is roughly
the average for the more metal-poor and higher-[α/Fe] pop-
ulations observed with GALAH. However, there is clearly
a trend of increasing σvz /σvR as [α/Fe] increases. Aumer
& Binney (2009) find that the σvz /σvR is related to the
age of the stellar population, as the rate of change of the
vertical velocity dispersion as a function of time is greater
than that of the radial velocity dispersion. This results in
an increase in the σvz /σvR ratio for older stellar popula-
tions. To the extent that [α/Fe] can be a rough proxy for
age (see Haywood et al. 2013; Hayden et al. 2017), with
older stellar populations having larger [α/Fe] abundances,
we find the same trends in the GALAH data. Sharma et al.
(2014) determine the σvz /σvR ratio for different stellar pop-
ulations observed with RAVE using two different models
for the velocity profile of the disk (a Gaussian distribution
function and a Shu distribution function Shu 1969). For the
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thick disk, they find σvz /σvR = 0.8 using a Shu model and
σvz /σvR = 0.68 for a Gaussian model, which bracket our
values for the highest-[α/Fe] stellar populations (classical
thick disk stars) of σvz /σvR=0.7. A direct comparison to
their thin disk is somewhat difficult, as their model pro-
vides an estimate of σz/σR as a function of time. For young-
intermediate age thin disk populations (∼ 3 Gyr), they find
σvz /σvR = 0.44, gradually increasing to 0.65 for the oldest
thin disk stars (∼ 10 Gyr). Our estimations for the chemical
thin disk ([α/Fe] < 0.15 dex) fall inside this range, and per-
haps hint that our lower-[α/Fe] sample is made up of fairly
young stars in general (∼ 3 − 5 Gyr).
With the advent of Gaia astrometry, more recent stud-
ies have been able to place additional constraints on the lo-
cal velocity dispersion. Anguiano et al. (2018) measured the
velocity dispersion of the local disk using a sample of high-
resolution spectra and Gaia DR1 astrometry and found that
σvφ /σvR is 0.67 and 0.7 for the thin and thick disks, respec-
tively. This is in agreement with our estimates. They also
find that the the σvz /σvR is 0.64 and 0.66, for the thin and
thick disks respectively, which while not dramatically differ-
ent from our estimates, does not show the trend of increasing
vertical velocity dispersion relative to radial velocity disper-
sion with [α/Fe] as observed with GALAH. Using APOGEE
DR14 and Gaia DR2, Mackereth et al. (2019) found that
the ratio of the vertical velocity dispersion to radial velocity
dispersion showed large differences for thin and thick disk
populations. They find that younger (lower-[α/Fe]) popu-
lations have a large spread in this ratio, driven by guiding
radius and age. For their sample in the solar neighbourhood,
they find that the younger populations σvz /σvR varies be-
tween 0.4 and 0.6 as age increases, which agrees well with
our measurements for lower-[α/Fe] populations which show
similar variation between 0.4 and 0.6 as [α/Fe] increases be-
tween -0.1 and 0.1 dex. For older (higher-[α/Fe]) populations
they find this ratio is roughly constant between 0.6 and 0.7.
We find similar values for our high-[α/Fe] populations, but a
constant velocity ratio for high-[α/Fe] populations is less ob-
vious. In the APOGEE data, there is a dichotomy between
young and old stellar populations, with the low-[α/Fe] pop-
ulations showing clear evolution in this ratio while the older
populations are constant (Mackereth et al. 2019). Our ob-
servations show a trend of increasing σvz /σvR with [α/Fe],
but it is less obvious if there is a flattening of the trend for
high-[α/Fe] populations as is observed with the older stellar
populations in APOGEE. Our results are consistent with a
slight increase or a flat trend within the errors, which are
large for high-[α/Fe] populations.
The distribution of rotational velocities as a function
of chemistry agree well with those of previous studies of
the chemically selected thin and thick disk (e.g., Spagna
et al. 2010; Lee et al. 2011; Recio-Blanco et al. 2014; Kor-
dopatis et al. 2017). These authors find that the rotational
velocity for the chemical thick disk increases as metallicity
increases. Conversely, for the chemical thin disk they find
that rotational velocity decreases as metallicity increases.
As the radial velocity dispersion is quite large for high-
[α/Fe] stars, these populations experience significant radial
epicyclic motion which results in lower rotational velocities
as these stars move outwards. As the radial velocity dis-
persion is smaller for the more metal-rich high-[α/Fe] pop-
ulations, this translates to smaller radial epicyclic motion
and larger rotational velocities. These trends reverse for stel-
lar populations with solar-[α/Fe] abundances, in which the
more metal-poor stars have larger radial velocity dispersions
than more metal-rich stars, and higher rotational veloci-
ties. This is likely a reflection that these more metal-poor
stars have guiding radii in the outer Galaxy and, for the
same conservation of angular momentum arguments above,
rotate faster as they move inward. For lower-[α/Fe] popu-
lations, stars originating from the outer disk have gener-
ally have higher rotational velocities and lower metallicities
than local populations, while stars originating in the inner
disk generally have higher metallicities and lower rotational
velocities than local populations. The conservation of an-
gular momentum combined with the radial gradient of the
disk nicely explains the smooth trends of rotational velocity
with chemistry for populations that are [α/Fe] poor. How-
ever, the difference in velocity between the solar-[α/Fe] stars
is relatively minor, especially compared to the higher-[α/Fe]
stellar populations which have significantly lower rotational
velocities in general. These high-[α/Fe] populations have low
rotational velocities and high eccentricities, which results in
large epicyclic motions and points to blurring as the likely
mechanism of radial mixing that caused these stars to be ob-
served in the solar neighbourhood. However, blurring alone
may not be able to explain the presence of [α/Fe] -poor pop-
ulations in the solar neighbourhood.
The fraction of stars which reach the solar neighbour-
hood via blurring or migration is a topic of much debate and
the relative importance of these mixing processes is criti-
cal to understanding the evolutionary history of the Galaxy.
The orbital properties of stars can be used to disentangle
which processes dominate in the solar neighbourhood, par-
ticularly the eccentricity distribution of the most metal-rich
stars observed in the solar neighbourhood. These stars must
have formed in the inner Galaxy because of their metal-
licity, but do not have a dramatically different rotational
velocity than more metal-poor populations at solar-[α/Fe]
abundances, implying that their guiding radii are relatively
close to the solar neighbourhood. This is also reflected in
the eccentricity distribution of the solar-[α/Fe] populations.
The majority of the most metal-rich stars in the solar neigh-
bourhood have e < 0.2. This is similar to results from Kor-
dopatis et al. (2015); Hayden et al. (2018), who also found
that many of the most metal-rich stars in the solar neigh-
bourhood are on fairly circular orbits. For a star with e = 0.2
and apogalacticon in the solar neighbourhood, the guiding
radius is 6.67 kpc and the deviation from this guiding ra-
dius is only ∼ 1.33 kpc. This means the eccentricity must
be quite high for a very metal-rich star coming from the
inner Galaxy to reach the solar neighbourhood. More than
70% of the stars have eccentricities e < 0.2, implying their
deviation from their guiding radius is < 1 kpc. While there
are several significant assumptions required to generate the
relation shown by the dashed line in Fig. 8, it clearly demon-
strates that blurring is insufficient to explain the presence of
the majority of these metal-rich stars in the solar neighbour-
hood. Even with the simple assumptions made here, it is al-
most impossible for stars with [Fe/H]> 0.3 to reach the solar
neighbourhood via blurring, as the orbit must be hyperbolic
given their very high metallicities and the observed radial
gradient of -0.07 dex kpc−1. For these stars to reach the solar
neighbourhood, significant angular momentum transfer (mi-
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gration) must take place. Previous studies have argued that
observations of the solar neighbourhood can be explained by
blurring alone (e.g., Haywood et al. 2013), but our results
here are at odds with that interpretation.
It is important to note that different radial mixing pro-
cesses are not mutually exclusive. A star that migrates can
subsequently be heated; while a star that has had its or-
bit heated can migrate, particularly if that star has small
vertical motion as the efficiency of migration from non-
axisymmetric structure is largest for stars in the plane (Sol-
way et al. 2012; Vera-Ciro et al. 2016; Daniel & Wyse
2018). The fact that the overwhelming majority of the most
metal-rich stars have eccentricities incompatible with blur-
ring alone to reach the solar neighbourhood shows that this
process is a necessary component in realistic models of the
chemodynamic evolution of the Galaxy. Both blurring and
churning play a role in shaping the evolution of the Milky
Way.
5 CONCLUSION
We analysed the chemodynamic structure of the local so-
lar volume (d< 500 pc) using 62 814 stars in GALAH
DR2 in conjunction with astrometric information from Gaia
DR2. We find that the velocity dispersion generally increases
smoothly as [Fe/H] decreases or [α/Fe] increases, with the
vertical velocity dispersion in particular showing no large
discontinuity or even crossing in velocity space of different
stellar populations. This is in stark contrast to the U-V
velocity and action planes, which show several over densi-
ties and significant substructure. There is no evidence of a
downturn in velocity dispersion for the highest-[α/Fe] stel-
lar populations as previously observed with lower quality
data, which indicates previous results were likely spurious.
This result highlights the power that Gaia and large-scale
spectroscopic surveys such as GALAH bring in disentan-
gling the structure of the disk, dramatically increasing the
precision and accuracy of velocity and orbital determination
compared to previous studies.
The stars that are currently in the solar neighbourhood
come from a large range of birth radii. How these stars reach
the solar neighbourhood holds important clues on how the
Milky Way disk has evolved with time. Populations with
higher-[α/Fe] abundance tend to have large vertical velocity
dispersion and low rotational velocities, with large asymmet-
ric drift, implying an origin in the inner Galaxy and blurring
as the dominant radial mixing process to observe these stars
in the solar neighbourhood. Conversely, for the solar-[α/Fe]
populations, lower-metallicity stars have much larger rota-
tional velocities on average than the LSR, implying a Galac-
tic origin in the outer galaxy. Expanding this analysis to
the orbital properties for stars that have metallicities much
higher than the local ISM can also shed light onto different
radial mixing processes of the disk. Based on the eccentricity
distribution of these metal-rich stars ([Fe/H]> 0.1 dex), we
find that for the majority blurring alone is unable to explain
the presence of these stars near the solar position. The ma-
jority of these stars are on fairly circular orbits and simply
never reach the Galactic radii at which they formed based on
their high-metallicities. For these stars, churning/migration
is required and therefore is the dominant radial mixing pro-
cess to observe these populations in the solar neighbourhood.
These observations highlight the importance that migration
plays in the structure and evolution of the Milky Way, re-
alistic models of the chemodynamic history of the Galaxy
must include migration in order to adequately explain ob-
servations.
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